Introduction
It is well known that the optical soliton has attracted much attention from the last century to till date in the high capacity optical fiber communication systems because of their unusual properties such as long distance propagation without attenuation and all optical switching etc. [Agrawal, 2001; Hasegawa & Tappert, 1973; Hasegawa & Kodama, 1995; . In general, the dynamics of the nonlinear pulse (soliton) in Kerr media is described by the nonlinear Schrödinger equation (NLSE) [Agrawal, 2001; Hasegawa & Tappert, 1973; Hasegawa & Kodama, 19951 . To increase the information carrying capacity of the optical fiber communication system, one has to reduce the pulse width. It also means that the intensity of incident pulse has been increased. Under this condition, the dynamics of the pulse is then described by a family of NLS equation with higher order linear and nonlinear effects such as third order dispersion and Quintic selfsteepening and quintic stimulated Raman effect [Radhakrishnan et al., 1999; Hong et al., 2001] . For the first time, Du et al. [Du at al., 19951 introduced a novel technique called coupled amplitude phase to solve the NLS equation. Following their work, Paiacios et al. [Palacios at al., 1999] applied the same technique to the higher order NLS (HONLS) equation and obtained the dark soliton solution.
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Theory
The interest for considering Cubic-Quintic (CQ) nonlinearity in our model stems from the fact that, a nonlinear correction to the medium's refractive index in the form on rt2I-rt412 where I being the light intensity and the coefficients n2, 714 > 0 determine the nonlinear response of the media. Although, formally it may be obtained by an expansion of the saturable nonlinearity 6ThTh21 [1+_I] ( 1) it has the handicap of being always self-focusing i1 > 0. However, the CQ model changes dl the sign of focusing at a critical intensity I = -. An experimental measurement of the nonlinear dielectric response in the para-toluene salfonate (PTS) optical crystal aptly models the above-mentioned insights near 1600 nm [Agrawal, 2001] . The CQ nonlinearity can be achieved by doping a fiber with semiconductor materials.
One should have positive sign (i4) > 0) and large saturation intensity (I ) . The other sat should have a negative sign (1) <0) with nearly same magnitude and low saturation intensity i.e. (i8j 4 Thus, this model needs special investigation to explore the ultrashort pulse propagation. Of course, the value of the quintic nonlinearity is low, when compared to cubic nonlinearity, which is unavoidable when the ultrashort pulse propagation is considered. Thus, the cubic-quintic model needs special investigation to explore the ultrashort pulse propagation in the nonlinear media.
Having realized, the importance of cubic-quintic nonlinearity, recently, Radakrishnan, Lakshmanan and Kundu [Radhakrishnan et at., 1999] proposed the higher order NLS (HONLS) equation with the cubic-quintic nonlinear terms arising in non-Kerr media. They investigated the integrable systems of coupled HONLS equations with some simplifications in the model coefficients and found the Lax-pair, conserved quantities and exact soliton solutions. More recently, Hong [Hong et at., 20011 considered the similar cubic-quintic model with the higher terms and found the analytical bright and dark solitary wave solutions by applying the complex envelope function ansatz. In order to investigate the bright and dark solitary wave solutions, the following higher order cubic and quintic nonlinear effects are considered in the non-Kerr medium where the pulse dynamics can be described by [Radhakrishnan et at., 1999; Hong et at., 2001] a (IU2u) a (U[2) .au a2u +a2U at
The above equation reduces to NLSE, only when all the higher linear and nonlinear order terms are zero, for which soliton solutions are well known [Agrawal, 2001; Hasegawa & Tappert, 1973; Hasegawa & Kodama, 1995; Zakharov et at., 1972] . Now, we turn to discuss the generation of bright and dark solitons with the (2) Bright and Dark Solitary Wave Solution 121 help of coupled phase amplitude method as follows. By using the coupled phase amplitude ansatz ie.
where P is real. Using Eq. (3), Eq. (2) becomes, tsP -iPJ3 = P,, (-2iw -3iw 2 + 3ics 1 P2 ± 2in2 P2 + 5ia3 P4 ± 4ia4P4) ±P (1-l-3w)±iP,,<±P(-w2-w3) 
+P3 (l+w i )+P5 (1+w 3 ). (4)
Separating the real and imaginary parts gives -P,9 = P(-2w -3w2 + 3a 1 P2 + 2C12 p2 + 5013 p4 + 4a4 P') + PXXI (5)
Then Eq. (5) is
Integrating the above equation leads to
In rewriting the Eq. (6),
Equations (8) and (9) are equivalent only if the following conditions are satisfied -+2w+3w 2 (10) = 1+3w 3cl+2o21+wai (11) 3 1+3w'
From the above equation, the ts and w are calculated. Equation (10) gives is as 3w3+2w+8w 2 +8w3 ).
Then by using Eqs. (11) and (12) w becomes 30 -15c 1 -10a2 -15a -12a4 (14) 6(5o + 5c2 + 5c 3 + 6c4)
Having calculated the physical parameters such as propagation constant and frequency in terms of the physical parameters of the nonlinear medium, in what follows, we discuss theoretically the generation of bright and dark solitons.
Bright Soliton Solution
On integrating Eq. (8) where C is an arbitrary constant of integration. From the above equation, it is possible to get the different analytical solutions for different values of the constant of integration C.
Among these solutions, our prime aim is to investigate only the bright soliton solution. The above equation describes the motion of a classical particle travelling in a sextic potential well having the following potential form
Then the Eq. (15) can also be written as
In order to get the bright soliton, the constant of integration is assumed to be equal to zero in the above equation. Now, we present below the formation of bright soliton. The effect of positive nonlinearity and the anomalous dispersion fight out to give birth to solitons in the optical fibers. These resulting solitons are referred to as bright solitons. By applying the same conditions to the physical parameters in Eq. (17), we get, where
The above solution represents the bright solitary wave solution for the HONLS equation with quintic effects for which soliton plot is represented in Figs. 1 and 2. The bright soliton is depicted in Fig. 1 for different values of the physical parameters. Further, to have an idea about the variation of pulse width and amplitude with respect to input power, we have also provided the 21) plots for various values of the input power. From the plot, it is clear that the pulse width reduces and hence amplitude increases as the value of input power is increased. This is clearly depicted in Fig. 2 .
Dark Soliton Solution
Now, we turn to discuss the one more soliton called dark soliton. The dark soliton in fibers was first observed by Emplit et al. [1987] and Krökel et al. [1988] transmitting a light wave in the normal dispersion region of a fiber. Dark solitons are the characteristic steady pulses that propagate in a nonlinear optical fiber within the normal dispersion regime [Kivshar, 1993] . The dark solitons are more resistant to perturbation than the bright solitons. To derive dark soliton solution analytically for higher order NLS with cubic and quintic term, the Eq. (15) is rewritten as,
where
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By giving a transformation P = to Eq. (19) and we get:
The above equation can be rewritten as 
Equation (22) Figure 3 depicts the 3D dark soliton for various values of the physical parameters of the system under consideration. In addition to 3D plot, we have also provided the 2D plots for various values of the power. From the plot, it is clear that the pulse width reduces and hence amplitude increases as the value of input power is increased as in the case of bright soliton. This is clearly depicted in Fig. 4 .
Conclusion
By means of coupled amplitude phase technique, an analytical bright solitary wave solution for the HONLS equation, which describes the femtosecond pulse propagation in the nonKerr media, has been found. In this problem, both quintic self-steepening and delayed Raman response terms have been included because of the additional physics requirement in the femtosecond pulse propagation range. In this case dark soliton solution has also been obtained in terms of Jacobi elliptic functions. The bright and dark solitons have been plotted for different values of the physical parameters for the nonlinear system under consideration. In addition, 2D plots have also been provided to explore the variation of the pulse width with respect to the power. From the results, it has been found that pulse width has been reduced as the power is increased. We consider the soliton-like pulse propagation through birefringent optical fibers with fourth order dispersion, where the pulse dynamics is governed by coupled nonlinear Schrödinger (CNLS) type equations. In order to analyze the state of polarization of a soliton like pulse, we construct the integro-differential equations from the CNLSE using the Stokes parameter formalism. After constructing the suitable equations of motion, we also discuss the rotation of the Stokes vector on the Poincaré sphere. 
I. INTRODUCTION
Fiber optic technology has advanced to the stage where it has become one of the most attractive solutions for reliable high speed and high capacity communication. One of the major transmission formats is to use optical solitons as information bits. For each optical soliton, dispersion is balanced by the fiber nonlinearity so that the pulse can be transmitted without change of shape [1] . Despite the availability of extremely low loss fibers (0.16 dB/km), pulse spreading due to dispersion is the most troublesome aspect in fiber communication. This pulse spreading is very detrimental since the well separated pulses from the transmitter, while propagating, begin to overlap and reach the receiver with a high degree of overlap. This ultimately leads to loss in the transmitted information. However, information in the form of solitons can be transmitted with little loss and dispersion. Thus scientists all over the world have realized the importance of nonlinear science, which can accomplish long distance communication by means of optical solitons. Recent theoretical and experimental results on optical solitons reveal that solitons are one of the most promising candidates for ultra-long distance and extremely high bit rate communication. predicted that this exciting soliton concept would occur in a single mode optical fiber wherein the pulse propagation is governed by a nonlinear Schrödinger (NLSE) type equation. Later, this was experimentally verified by Mollenauer[5] et al. Single mode fibers are actually bimodal because of the presence of birefringence [1, 3, 61. This birefringence creates two principal transmission axes within the fiber known as the fast and slow axes. Splitting of the pulse takes place when an optical pulse is launched into a single mode fiber. The two parts of the pulse reach the fiber end at slightly different http://PSR0C.phys.ntu.edu.tw/cjp times, bringing in two changes with the injected pulse. First, the pulse gets broadened and, second, the state of polarization of a soliton pulse gets modified. So the state of polarization is allowed to change and take different values. Meanwhile the state of polarization of a pulse can also be changed due to the relative phase of the pulse [7] . Hence polarization would occur in a single mode fiber only in the presence of birefringence. Pulse propagation in a single mode birefringent fiber is governed by the well known CNLS equations, which was systematically derived by Menyuk [6] . Therefore, it is clear that an optical soliton fiber communication (OSFC) system shows polarization dependent losses affecting the system performance. Thus there is great interest in analyzing, controlling, and manipulating the polarization state of a soliton pulse in a fiber. This has an increasingly vital role in OSFC.
As has been discussed in the introduction, in the case of a birefringent fiber, each pulse generally consists of two polarization components that trap each other through nonlinear Kerr effects. Such a pulse is referred to as a vector soliton in the optics literature. It should be noted that a vector soliton is just a solitary wave solution, not a soliton in the strict mathematical sense. Thus, vector solitons consist of two field components that mutually self-trap in a nonlinear medium. These solitons were first suggested by Manakov [8] for the Kerr nonlinearity, which leads to two coupled NLS equation. A new phenomenon in the coupled NLS equations is that two vector solitons can form a perfectly stationary bound state -if they have the same phase in one component and a phase difference in the other component. Physically, stationary two vector-soliton states can be formed because the attracting force in the in-phase polarization balances the repelling force in the out-of-phase polarization [9] . The existence of such stationary bound states was first established through numerical means by Haelterman et al. [9] . The analytical construction of such bound states was first achieved by Yang by an asymptotic tail-matching method [10] . In that work, the spacing between vector solitons in a stationary configuration was obtained explicitly. Experimentally, stationary two-vector-soliton states have been observed in photorefractive materials [11] .
In addition to the above studies, several analytical and numerical methods are available to study the evolution of the state of polarization of a soliton pulse propagating along a birefringent optical fiber. Several effective analytical methods have been developed to analyze this polarization evolution [7, [12] [13] [14] [15] [16] . For example, Hutchings [12] et al. applied an eigenvalue approach to study the polarization evolution of a pulse along the waveguide. For the first time, Stokes parameters were used by Daino, Gregory, and Wabnitz [13] to study the effect of polarization in nonlinear couplers. From the integro-differential equation, they have directly shown that the trajectories of the motion of the Stokes parameters can be plotted on the Poincaré sphere. Evangelides, Mollenauer, Gordon, and Bergano [14] have applied the Stokes parameter formalism to the experimental study of the polarization of soliton pulse propagation in fibers. 151 have studied the different states of polarization of a soliton pulse with Kerr nonlinearity. To describe them, they have constructed the integrodifferential equation, found stationary solutions for two special cases of the fiber parameters, and discussed the oscillating and rotating phase. Combinations of these two motions have been considered for the general case. For the first time, Barad and Silberberg [16] 
U(z, r, q) = u(z, y)ezz V(z, r, q) = v(z, T)ez, (2)
where q is the soliton parameter, 27r/q is proportional to the soliton period, and 2/q is proportional to the energy of the soliton. The ratio of the cross phase modulation term to the self phase modulation term B is represented as B=2+2sila, (3) 2 + cos2 a where a is the ellipticity angle, which can take values from -ir to ir. When a is equal to 00 it represents a linear birefringent fiber, where the cross coupling parameter takes the value B = 2/3. If a = 900 it describes the circular birefringent case, and the parameter B takes the value of 2. In this work, by applying the Stokes parameter formalism to the CNLS equations, we analyze the polarization evolution of a soliton pulse for the linear birefringent case.
III. LINEAR BIREFRINGENT FIBER
111-1. Construction of the integro-differential equation
In this subsection, the linear birefringent case is considered, for this case the construction of the integro-differential equation from the governing equation by using the Stokes polarization parameters is discussed. Before embarking into the construction, substituting Eq. (2) in Eq. (1) gives
As has been discussed in the Introduction, to analyze the polarization evolution of the soliton type pulse propagation in birefringent optical fibers, the following Stokes parameters 21] are used:
(Z, T) = i(UV* -U * V)
The above four Stokes parameters satisfy the relation s = 4+ s+$, where s = ( Si, S2, s3) are the components of a Stokes vector s with modulus s0 . Note that these points are defined VOL. 44 on the Poincaré sphere at certain points which identify the polarization ellipse uniquely. Using Eq. (4), Eq.(5) can be written as 5f00 
The above evolution equations are integro-differential equations, and now the system has an infinite number of degrees of freedom. Therefore, one should have an infinite number of dimensions to analyze the pulse propagation. To overcome this difficulty, the system can be reduced to finite degrees of freedom by using an approximation known as the average profile approximation. By using this approximation the field envelopes are written as [12, 15] (7) X(z) and Y(z) are complex amplitudes and f(r) is real function defining the common profile. Then the Stokes integro-differential equations are written as
Here S0 and S1 are conserved quantities. It should be noted that the above evolution equations look the same as those for continuous waves beams (except for the nonlinear birefringence coefficient g), which were derived by Diano, Gregori, and Wabnitz [131. The above integrated Stokes parameters are obtained using the following relations:
The parameter gi is defined by the nonlinear beat length as
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and is given by L 1 = -. The system of differential equations has the invariant
as a consequence of energy conservation.
111-2. Construction of the Stokes vector
With the help of the above constant of motion, the evolution of any solution can be analyzed qualitatively by a trajectory of the Stokes vector on the Poincaré sphere. It is well known that S1 , S2 , and S3 are the components of the Stokes vector S, and S0 and S1 are real functions of both z and T. From Eq. (9), one has to calculate the values of S1 , S2, and S3 by using the initial condition of the polarized light at z = 0. They are
where a is the ellipticity angle and is the orientation angle. With the help of the above initial state of polarization of the pulse, the solutions of Eq. (8) where JJ is the initial phase of rotation. To get the solution for different states of polarization, one has to determine the stationary points on the Poincaré sphere which are admitted by the CNLS equations. To characterize the state of polarization of a soliton pulse, one has to determine the value of X, Y, and f, which are represented in Eq. (7). In the following section we discuss the construction of X, Y, and f.
111-3. Stationary points when 2a = It is a well known fact that the ellipticity angle takes values from -it to it including zero on the Poincaré sphere. Now the stationary points for the same values of the ellipticity angle are to be calculated. When 2a = 0 and ±, the corresponding stationary points are found to be of the form S = (±1,0,0) and (0, ± sin (20z + II'), ± cos(2i3z + 'I')), respectively. Using these stationary points, it is possible to calculate X and Y and thereby characterize the polarization evolution on the Poincaré sphere. Now the values of X and Y from the set of Eq. (13) for arbitrary values of the ellipticity angles are calculated: From the plot, it is clear that as the value of fourth order dispersion increases, the effect due to the same is not negligible, and it has much influence on the system. That is, for higher values of the FOD, the pulse width gets broadened, which is clearly depicted in Fig. 1 . But for low values of the FOD the pulse width has been reduced considerably, and during this process amplification of the pulse also takes place. Thus the FOD plays an indispensable role in the system. Usually lower values of the FOD are always preferred to get a shorter pulse width, which is important in optical fiber communication systems these days to increase the transmission bit rate. Recently Pitois and Millot [22] experimentally investigated the influence of fourth order dispersion on the onset of a scalar spontaneous modulational instability in a single mode fiber. Now, the solution for Eq. (4), using Eq. (7) is
The solution of Eq. (18) 
V when q = 25g
111-4. Evolution plots for the circular case
To study the polarization evolution of a soliton pulse, substitute the above field envelopes U and V into the Stokes parameters Eq. (5) [6] . To analyze this evolution, the parameter values are chosen to be g = 0.02943 and 13 = 1. The Stokes parameter so is observed as a one soliton plot, the parameter s 1 is zero, and the variations of the onesoliton plots are observed in the remaining 82 and s 3 parameters. These evolutions are shown in the following Figures 2 to 4. Here it should be noted that the variations observed in the two parameters are mainly because of the presence of the 0 in the exponential term. It is also observed that, when the parameter 0 is equal to zero, all the Stokes parameters are found to be one soliton plots. This means that when the coefficient 0 is assumed to be absent, all the Stokes parameters remain constant for any input polarization.
111-5. Linear Polarization along the slow axis and fast axis
The single mode fiber does carry two modes in a real world system; it admits the effect known as birefringence and thereby supports the two modes of pulse propagation along the fast and slow axes. Eq. (1) has two simple stationary solutions, namely a linearly polarized (horizontal and vertical) soliton along both the slow and fast axes. The pulse propagation equations for the slow and fast axes can be obtained from Eq. (1); they are 0, 
IV. CONCLUSION
In this paper, nonlinear pulse propagation through a linear birefringent optical fiber in the presence of fourth order dispersion is considered. By applying the Stokes polarization parameters to the CNLS equation, a system of equations, known as integro-differential equations, has been derived. The approximation of the average profile was applied as the integro-differential equations are difficult to solve. Analytical solitary wave solutions have been derived to characterize the state of polarization of a soliton pulse. In addition, the polarization evolution of a soliton pulse has been investigated by substituting the solitary wave solutions into the polarization Stokes parameters. Besides this, the impact of fourth order dispersion on the system has also been discussed. From the plots, we found that higher values of FOD broadens the pulse width and lower values of the same reduces the pulse width, which, in turn, will be useful in optical communication. 
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